The bithorax complex (BX-C) of Drosophila, one of two complexes that act as master regulators of the body plan of the fly, is included within a sequence of 338,234 bp (SEQ89E). This paper presents the strategy used in sequencing SEQ89E and an analysis of its open reading frames. The BX-C sequence (BXCALL) contains 314,895 bp obtained by deletion of putative genes that are located at each end of SEQ89E and appear to be functionally unrelated to the BX-C. Only 1.4% of BXCALL codes for the three homeodomaincontaining proteins of the complex. Principal findings include a putative ABD-A protein (ABD-AII) larger than a previously known ABD-A protein and a putative glucose transporter-like gene (1521 bp) located at or near the bithoraxoid (bxd), infra-abdominal-2 (iab-2) boundary on the opposite strand relative to that of the homeobox-containing genes.
The bithorax complex (BX-C) of Drosophila is a set of master control genes that play a major role in determining the body plan of the fruit fly (1) . Historically, the genetic studies of the original homeotic mutants of the BX-C, isolated principally by Bridges, Stem, Schultz, and Hollander (see ref. 2), were undertaken to test the cytologically based hypothesis of Bridges that the Drosophila genome contains naturally occurring tandem gene duplications (3). It was not until the discovery of the homeobox (HOX) (4, 5) that the hypothesis received strong molecular support. The high degree of conservation of these genes rapidly led to the identification of additional proteins of the two complexes and to the discovery of the genes in vertebrates as well as other invertebrates. The next stage was the identification of the various transcription units of the BX-C: those producing protein-coding transcriptsUltrabithorax (Ubx) (6) , abdominal-A (abd-A) (7) , and Abdominal-B (Abd-B) (8-10)-and those producing noncoding transcripts-bithoraxoid (bxd) (11) and infra-abdominal-4 (iab-4) (12, 13) .
Genetic studies have identified cis-regulatory regions of the BX-C that are involved in controlling the development of specific organs and body structures; 12 such regions are now known (14) (15) (16) . Thus, the anterobithorax (abx), bithorax (bx), and postbithorax (pbx) regions function in the wild type to promote development of the third thoracic segment into a haltere-bearing instead of a wing-bearing segment. Nine regions from bxd to iab-9, inclusive, determine the pattern of differentiation of abdominal segments A1-9, respectively.
In all vertebrates and many invertebrates thus far studied, the BX-C and the related Antennapedia complex (ANT-C) (17) form a single tightly linked cluster, termed the homeotic complex (HOM-C) (18) . In vertebrates the HOM-C is present in four partially redundant copies (19, 20) , a situation that suggests it plays a vital and indispensable role in the development of these organisms as well. The HOM-C must have arisen before invertebrates and vertebrates diverged from a common ancestor over 500 million years ago.
With the availability of the complete sequence of the BX-C, as herein reported,$ the stage is now set to integrate the varied types of genetic, biochemical, and developmental studies of the BX-C with the actual sequence. This paper presents an overview of the strategy used in obtaining the BX-C sequence, as well as an analysis primarily of the coding portion of that sequence. An analysis of the noncoding regions of the BX-C sequence is the subject of the accompanying paper (53) .
MATERIALS AND METHODS
Directed Sequencing Strategy. The BX-C is located in the 89E region of the salivary-gland chromosomes. A sequence, SEQ89E, of 338,234 bp was generated from a set of six partially overlapping P1 bacteriophage clones (Fig. 1 ). The P1 library was made from an isogenic, multiple mutant strain (y; cn bw sp) (21) . The DNA of these clones was sheared and the resultant fragments, averaging 3 kb in size, were subcloned. The subclones were ordered by a PCR-based screening method (22) . The 'y6 transposon was inserted into a minimal set of them to generate primer sites (23) . The sites of transposon insertion were mapped by PCR and had an average spacing of 300-400 bp. Both strands were sequenced using automated fluorescent DNA sequencing technology (Applied Biosystems Dye Terminator Cycle Sequencing). Areas of ambiguity between the strands were resolved by resequencing using custom oligonucleotides as primers (24) . Details of the sequencing strategy will be reported elsewhere.
ORF Analysis. SEQ89E has been analyzed for potential protein-coding regions. ORFs of >100 aa were identified by the DNA Inspector Ile ORF/peptide analysis program (Textco, West Lebanon, NH) and their codon preference was determined with the CODONPREFERENCE program (25) . A total of 60 ORFs showing good Drosophila codon usage and an additional 15 with low codon preference but exceptional size (>200 aa) were compared with the sequences in public data bases by use of the FASTA (26) and BLASTX (27) programs for protein similarities. To search the entire sequence for putative genes we also used GENEFINDER (28) employing Drosophila codon usage files (Frank Eeckman, personal communication).
RESULTS
The assembled sequence generates a restriction map of EcoRI sites consistent with the previously determined physical map of these sites (14, 15) , given that they were done for different strains.
A correlation of the molecular map of SEQ89E and the genetic map of the BX-C is shown in Fig. 1 A and 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Table 1 ). Transcription units include homeobox-containingAbd-B, abd-A, and Ubx; the noncoding bxd and iab-4; and the open reading frames (ORFs) and predicted candidate genes. Arrows indicate the direction of transcription. The predicted genes labeled W, X, Y, and Z refer to two LDL receptor "a" repeats, serine protease-like, chaperonin-containing t-complex protein -y subunit-like, and no-on transient A-like, respectively (see Table 1 ). (C) G+C composition of SEQ89E was calculated for 1-kb windows, spaced every 100 bp. (D) G+C composition for a third-order Markov chain generated-random sequence of SEQ89E was calculated as in C.
imate and based principally on breakpoints of chromosomal rearrangements which were detected by their suppression of transvection (29) . The sequence is numbered starting at the distal orAbd-B end of the complex in accordance with the direction of transcription. The lengths of the three homeobox-containing transcription units Abd-B, abd-A, and Ubx are 44.6 kb (from 11,204 to 55,760), 22.4 kb (from 153,391 to 175,816), and 78.1 kb (from 242,867 to 320,921), respectively. We have compared the sequence of the homeodomain-containing protein-coding regions of these three transcription units in BXCALL with the corresponding published sequences of those regions. Several base-pair changes were detected, presumably owing to strain variations. In the Abd-B unit (16) of 493 codons there are eight third-base substitutions; in the abd-A unit (7) of 330 codons, none; and in the Ubx unit (6) of 389 codons there are two changes, a third-base substitution and a first-base A -* T substitution at position 244,057 resulting in a conservative amino acid change of asparagine to tyrosine.
The base composition of SEQ89E consists of 29.19% A, 29.11% T, 20.67% G, and 21.03% C. A plot of the G+C content of the complex (Fig. 1C) confirms the well-known higher A+T content of invertebrate cis-regulatory regions. Sustained peaks high in G+C correlate well with known or likely protein-coding regions. An exception is a single peak mapping to the third intron of the Ubx transcription unit.
Novel ORFs Within the BX-C. SEQ89E was searched for ORFs that have (i) codon usage consistent with that of other Drosophila genes and (ii) some degree of similarity to DNA sequences in the GenBank .data base (Table 1) . Perhaps the most remarkable ORF is located at or near the boundary between bxd and iab-2, but on the opposite strand ( Fig. 1 Fig. 24 ). These percentages are significant by the normalized alignment score (39) .
A second finding is an ORF that is capable of encoding a putative second ABD-A protein and is located directly contiguous with the third exon of the abd-A transcription unit. It is 260 aa longer at the amino-terminal end than the previously described ABD-A protein of 330 aa (7) (Fig. 3) .
Two other putative candidate genes could be of interest, although they have poor Drosophila codon usage. The first is an ORF of 426 aa that maps to the third intron of Ubx, where its position correlates, as already mentioned, with a high G+C peak; however it lacks a homolog in the public data base. Interestingly, the 3' end of a nonpolyadenylylated transcript of 4.7 kb, expressed early in embryogenesis, apparently maps close to or within this peak (40) . The second is candidate gene 5 that GENEFINDER identifies, albeit with a low score (26.22 cSignificance of the homology is given by the Z value (38) . Z > 10 is significant. Fig. 1 ). The transcription unit encoding ABD-AI is predicted from a previously sequenced cDNA (15) and from unpublished S1 nuclease and primer extension data (M. Lamka (42) . A comparison with the Drosophila snake-, easter-, and alpha-encoded serine proteases (34) reveals homologies of -23% identity and -33% similarity. Although these identities are low, the predicted protein does contain two motifs, the histidine and serine active-site signatures (ITAAHC and GDSGG, respectively) that define all proteases (42) .
Starting at bp 326,067 there is an ORF (ORF2) ( Table 1 ) of 336 aa with good Drosophila codon usage but with no known homologue. Four hundred seventy-nine base pairs from this ORF, located on the opposite strand, is a gene identified by GENEFINDER (123.12) that encodes a homolog of the mammalian chaperonin-containing t-complex polypeptide-1 y subunit (CCTy) (33) . A comparison of the deduced amino acid sequence (531 aa) with the mammalian cognate (556 aa) reveals 69.5% identity and 80% similarity (Fig. 2C) . Two additional putative genes, located even more proximally, are also transcribed on the opposite strand. The first encodes a predicted protein of 642 aa from a single ORF. Comparison of this ORF with the public data bases reveals 64.6% identity and 73.2% similarity with no-on transient A (35) . The last ORF in the sequence is the first coding exon of fasciclin I (43) .
A sequence that represents just the BX-C itself has now been generated, eliminating from SEQ89E the presumably unrelated genes at each end of the sequence. The resultant sequence, BXCALL, has 314,895 bp and is assumed to approximate closely the BX-C.
DISCUSSION
The need to obtain the entire sequence of the BX-C has long been pressing, especially in view of the importance of understanding how the master control genes that make up the complex are themselves regulated and why there is a strong tendency for the genes of this complex and those of the related ANT-C to stay tightly linked, with their order along the chromosome being colinear with their order of expression along the body axis (1) .
The pioneering work of Hogness et al. (40) showed that the protein-coding region of the Ubx transcription unit is only a small portion of the total unit-namely, 1167 bp for its longest variant. The abd-A and Abd-B protein-coding regions are also a relatively small fraction of the transcription units. In the case of the ABD-A proteins the putative ABD-AII identified here is the longer one and is encoded by 1770 bp. The larger of the two ABD-B proteins is ABD-BI and is encoded by 1479 bp. Thus 4416 bp out of 314,895 bp, or 1.4% of BXCALL, encode the homeodomain-containing proteins.
Transcripts That Do Not Code for Protein. In the bxd region, a complex set of transcripts ranging in size from 1.1 to 1.3 kb is detected between 3 and 6 hr of embryogenesis. They have multiple stop codons and therefore fail to code for protein (11) . Similar noncoding transcripts come from the opposite strand of the iab-4 region (12) . Evidence for the possible importance of such transcripts comes from studies of the spatial distribution of RNAs encoded by the bxd region (44) and by the iab-3 to iab-7 cis-regulatory regions (13) . We have not been able to predict probable candidates for such noncoding transcripts, since the high degree of degeneracy of splice-site junction sequences (45) results in vast numbers of such sites in BXCALL and, hence, excessive numbers of possible transcripts. A possible role for the bxd transcripts as structural RNAs that serve to facilitate the association of cis-regulatory regions has been proposed by one of us (46) . The existence of a gene that generates noncoding polyadenylylated RNAs, as in the case of bxd and iab-4, has been reported in Schizosaccharomyces pombe. The gene, sme2, generates functional structural RNAs called meiRNA that are required for meiosis I when complexed with an RNA-binding protein, Mei2 (47) . Other examples of noncoding RNAs are XIST, detected from the inactive human X chromosome (48) ; H19, an imprinted RNA derived from human chromosome 7 (49); and omega-n, an RNA derived from the third chromosome of Drosophila (50) .
ORF Analysis. glut-l. The most surprising finding is an ORF encoding a glucose transporter-like (glut-i) gene located at the distal end of the bxd region, in the opposite strand relative to that of Ubx, abd-A, and Abd-B. Prior to this, no genes other than the HOX genes of the BX-C had been identified by genetic or molecular analysis. K. McCall and W. Bender (personal communication) have generated a deletion of -10 kb by P-factor excision that removes glut-i. When homozygous this deletion survives to adulthood and is phenotypically wild type except for a Uab phenotype in which the first abdominal (Al) segment is transformed toward the A2 segment. They find that the heterozygote, as well as the homozygote, has a Uab phenotype and that both genotypes are associated with misexpression of the ABD-A protein in Al. Presumably there is a negative cis-regulatory element (or elements) in the deleted region that is required for ABD-A expression, but it is unlikely that loss of glut-i from only one homolog would cause a dominant gain-of-function homeotic phenotype. Precedent for such genomic organization comes from the ANT-C, in which such genes as fushi tarazu, amalgam, zerknullt, and still others are unrelated to, yet interspersed among, the HOX genes of that complex.
glut-i has no introns, at least in the coding portion of the gene. Although intronless genes are rare in Drosophila, a family of such genes encoding glutathione transferase (51) is known. The human cognate (GLUT3) and the human HOXC cluster are located in chromosome 12 but in different arms.
In mammalian cells, multiple glucose transporter protein isoforms are encoded by a family of glucose transporter genes (31) . Our identification of a glucose transporter-like gene in Drosophila is consistent with the demonstration of a glucose transport function in Drosophila Kc cells (52) . Since adults lacking glut-i survive we speculate that, as in the mammalian case, this putative gene may belong to a family of Drosophila glucose transporter genes and hence be at least partially dispensable. known abd-A transcription start site, the homozygous mutant embryos still express an ABD-A protein in the epidermis and central nervous system (7) . The distal end of this deletion maps at least 200 bp from the initiation codon of the putative abd-A ORF, and we speculate that the expression seen in abd-AMX2 mutants is due to the ABD-AII protein.
It is surprising how much of the control of development of the thorax and abdomen of the fly is accomplished by only three homeobox-containing genes. Evidently much of that control rests in the noncoding regions that occur either in the introns of those genes or in the -100-kb region between abd-A and Abd-B and the 67-kb region between Ubx and abd-A. An unknown fraction of the sequence may involve additional noncoding RNAs of the bxd and iab-4 types, but whether such RNAs play a regulatory role is uncertain. An appreciable fraction of the sequence is expected to contain DNA sequence motifs. These motifs may play a variety of regulatory roles and are discussed in the accompanying paper (53 
